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Abstract 



A laser system (called a UV Dermablator) and method that enables a clean, precise removal of skin while minimizing collateral 
damage to the skin underlying the treated region. The depth of ablation can be controlled via feedback from the physiology of 
the skin, namely the infusion of blood into the area of excision when skin has been ablated to a sufficient depth to produce 
bleeding. A second laser, such as a uv light source with a different wavelength, to penetrate the blood, heating it sufficiently to 
coagulate the blood. Other features provide precise control, permitting the epidermis to be removed down to the papillary 
dermis, following the undulations of the papillary dermis. This lateral and depth control may be accomplished by using careful 
observation, assisted by spectroscopic detection, to identify when the epidermis has been removed, exposing the underlying 
dermis, with spatial resolution appropriate for the spacing of the undulations of the papillary dermis. Yet other features which 
provide a feedback control mechanism which utilizes the optical characteris tics s uch as the colour, appearance and remittance 

ra 

of the definable skin layers to control the depth of ablation at each location. I 
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(54) Laser for dermal ablation 

(57) A laser system (called a UV Dermablator) and 
method that enables a clean, precise removal of skin 
while minimizing collateral damage to the skin underly- 
ing the treated region. The depth of ablation can be con- 
trolled via feedback from the physiology of the skin, 
namely the infusion of blood into the area of excision 
when skin has been ablated to a sufficient depth to pro- 
duce bleeding. A second laser, such as a uv light source 
with a different wavelength, to penetrate the blood, heat- 
ing it sufficiently to coagulate the blood. Other features 
provide precise control, permitting the epidermis to be 
removed down to the papillary dermis, following the un- 
dulations of the papillary dermis. This lateral and depth 
control may be accomplished by using careful observa- 
tion, assisted by spectroscopic detection, to identify 
when the epidermis has been removed, exposing the 
underlying dermis, with spatial resolution appropriate for 
the spacing of the undulations of the papillary dermis. 
Yet other features which provide a feedback control 
mechanism which utilizes the optical characteristics 
such as the colour, appearance and remittance of the 
definable skin layers to control the depth of ablation at 
each location. 




Fig. 2 
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Description 
Background 

[0001] Skin problems are pervasive in society. People 
suffer from conditions ranging from the cosmetic, such 
as benign discoloration, to fatal ailments, such as ma- 
lignant melanomas. Treatments range from cosmetic 
"cover-up" makeup to surgical excision. 
[0002] In particular, the removal (or "skin peel") of an 
outer layer of skin is used to treat conditions such as 
acne, age spots (superficial regions of excess melanin), 
shallow lesions (e.g. actinic keratoses), and aged skin. 
Figure 1 depicts a cross section of normal human skin. 
The depth of the outer layer, or epidermis (105), varies, 
with ranges typically from 50-150 pm in thickness. The 
epidermis (105) is separated from the underlying corium 
. (dermis) (1 1 0) by a germinative layer of columnar basal 
cells (120). The epidermal/dermal interface is charac- 
terized by undulations. The basal cells (120) produce a 
continuing supply of keratinocytes, which are the micro- 
scopic components of the epidermis (105). Specialized 
cells called melanocytes (125), also reside in the basal 
cell (120) layer and produce the pigment melanin (130). 
Although some of the melanin (1 30) migrates toward the 
surface of the skin with the keratinocytes, the greatest 
concentration of melanin (1 30) remains in the basal cell 
layer (120). The uppermost layer of the dermis (110), 
which is adjacent to the basal cell layer (120), is known 
as the papillary dermis, and the papillae range in width 
from 25-100 urn, separated by rete ridges ("valleys") of 
comparable width. 

[0003] Removal of the epidermis (105) eliminates su- 
perficial sun damage, including keratoses, lentigenes, 
and fine wrinkling. Removal of the most superficial por- 
tions of the dermis (110), i.e. the uppermost papillary 
dermis, eliminates solar elastosis and ameliorates wrin- 
kling, with little or no scarring. 
[0004] One treatment that is currently very popular us- 
es a short pulse carbon dioxide (C0 2 ) laser to coagulate 
a layer of skin to a depth of -50-100 pm /pulse. This 
treatment is sometimes referred to as a "laser peel". 
C0 2 laser radiation (in the 9 - 11 pm region of the infra- 
red) is strongly absorbed by water (contained in all tis- 
sue). When the energy/unit volume absorbed by the tis- 
sue is sufficient to vapourize the water, a microscopical- 
ly thin layer of tissue at the surface of the irradiated re- 
gion is rendered necrotic; (see e.g., R. M. Adrian, "Con- 
cepts in Ultrapulse Laser Resurfacing", URL - http:// 
www.lasersurgery.com/physicians.html (1996)). The 
skin is coagulated on the surface of the region irradiated 
by the infrared beam from the C0 2 laser. After irradia- 
tion, the dehydrated, necrotic surface layer is mechan- 
ically removed, and additional irradiation takes place, 
this process being repeated until the desired depth of 
tissue is removed. In medical terms, tissue is removed 
with less collateral damage than with other modalities, 
e.g., liquid nitrogen, cautery, chemical peels; (see e.g., 



E. V. Ross et al, "Long-term results after C0 2 laser skin 
resurfacing: a comparison of scanned and pulsed sys- 
tems", J Amer Acad Dermatology 37: 709-718 (1997)). 
[0005] The radiation features that result in reduced 
s collateral damage are: a wavelength that is strongly (op- 
tically) absorbed; and a pulse duration that is short com- 
pared to the time for deposited energy to diffuse into the 
surrounding tissue; (see e.g., R. J. Lane, J. J. Wynne, 
and R. G. Geronemus, "Ultraviolet Laser Ablation of 
10 Skin: Healing Studies and a Thermal Model", Lasers in 
Surgery and Medicine 6: 504-513 (1987)). The short 
pulse C0 2 laser, with an absorption coefficient in tissue 
of -1/50 pm* 1 and a pulse duration of -10-100 ns, leads 
to a reduction of collateral damage as compared to a 

is continuous wave (cw) C0 2 laser or lasers at other visible 
and near infrared wavelengths. But clinical results on 
patients treated for the elimination of wrinkles with the 
short pulse C0 2 laser show an abundance of undesira- 
ble aftereffects, including erythema (red, inflamed skin) 

20 and crusting, with the possible formation of scar tissue 
and dyspigmentation (see e.g., Andrew Bowser, "Ad- 
dressing Complications from Laser Resurfacing-Deep 
scarring and insufficient follow-up are among causes cit- 
ed", Dermatology Times 18, No. 9: 50-51 (Sept. 1997)). 

25 One problem with the pulsed C0 2 laser is that the radi- 
ation absorption depth is not shallow enough. Another 
is the deposited laser energy is not sufficiently removed 
from the surface to completely prevent collateral dam- 
age. As a result, this modality for "superficial skin peel" 

30 can be relatively painful, often requiring general an- 
esthesia and a prolonged recovery period. 
[0006] A newer treatment that is gaining in popularity 
uses a pulsed erbium YAG (ErYAG) laser, emitting ra- 
diation at 2.94 pm in the infrared, where water absorp- 

35 tion is even stronger than at C0 2 wavelengths. Er:YAG 
light is approximately 10 times more strongly absorbed 
in skin than C0 2 laser light. When compared to the effect 
of C0 2 laser irradiation, a shallower layer of skin ab- 
sorbs the radiation and is vaporized and ablated from 

40 the surface, leaving a thinner thermally damaged and 
coagulated layer adjacent to the removed tissue. Dam- 
age has not been observed to exceed a depth of -50 
pm of collagen denaturation. (See e.g., R. Kaufmann 
andR. Hibst, "Pulsed Erbium: YAG Laser Ablation inCu- 

45 taneous Surgery", Lasers in Surgery and Medicine 19: 
324-330(1996)). 

[0007] Treatment with the Er:YAG laser rejuvenates 
skin, with less pain, less inflammation, and more rapid 
healing than treatment with the C0 2 laser. The depth of 

so penetration with the Er: YAG laser, being shallower, does 
not thermally stimulate new collagen growth as much as 
the C0 2 laser, so fine wrinkles are not eradicated as ef- 
fectively. Dermatologists and cosmetic surgeons are 
finding the Er: YAG laser preferable for younger patients 

55 who have superficial skin damage but less wrinkling, 
while the C0 2 laser is thought to be preferable for older 
patients who want to have fine wrinkles removed around 
the lips and the eyes (see e.g., Betsy Bates, "Dermatol- 
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ogists Give Er:YAG Laser Mixed Reviews', Skin & Al- 
lergy News 28, No. 11: 42 (Nov. 1997)). Although the 
depth of penetration is shallower and the skin is actually 
ablated rather than just rendered necrotic, the ablation 
depth and the depth of coagulated skin limits the preci- 
sion with which the Er:YAG can remove epidermal tis- 
sue without damaging the underlying papillary dermis. 
And while pain is lessened, many patients still require 
some sort of anesthesia during treatment and the appli- 
cation of a topical antibiotic/antimicrobial agent follow- 
ing treatment to prevent infection during healing. 
[0008] It is also generally known in the art to use ul- 
traviolet wavelength lasers for medical and dental appli- 
cations. See e.g., US Patent 4,784,135, issued 
11/15/88, entitled 'Far Ultraviolet Surgical and Dental 
Procedures', by Blum, Srinivasan, and Wynne. See also 
US Patent 5,435,724, entitled "Dental Procedures and 
Apparatus Using Pulsed Ultraviolet radiation", issued 
7/25/95 to Goodman, Wynne, Kaufman and Jacobs. 
[0009] The need remains for an apparatus and meth- 
od which provides for skin resurfacing in a painless en- 
vironment with exquisite control and markedly de- 
creased morbidity by eliminating erythema and scarring. 
There is also a need for an apparatus and method of 
using ultraviolet (uv) light, delivered in a finely-control- 
led, countable number of short pulses with sufficient flu- 
ence to ablate skin, to remove thin layers of skin at the 
site of irradiation, with exquisite lateral precision and 
depth control, resulting in minimal damage to the skin 
surrounding and underlying the ablated area. The 
present invention addresses these needs. 
[001 0] There is also a need for an apparatus and proc- 
ess which enables a controlled removal of the epidermis 
down to the papillary dermis, adapting to the undulations 
of the papillary dermis. The present invention addresses 
such a need. 

Disclosure of the Invention 

[0011] In accordance with the aforementioned needs, 
the present invention is directed to a system (called a 
Dermablator) that can be used to carry out an improved 
"laser peel" of the skin. The present invention is also 
directed to a process, Dermablation, that leads to clean, 
precise removal of surface skin while minimizing collat- 
eral damage to the skin underlying the treated region. 
[0012] An example of a surgical system for removing 
skin having features of the present invention includes: 
a pulsed light source capable of delivering a fluence F 
exceeding an ablation threshold fluence F^ and a con- 
trol mechanism, coupled to the light source, for directing 
light from the light source to locations on the skin and 
determining if a skin location has been ablated to a de- 
sired depth. 

[0013] The light source is preferably a laser, for ex- 
ample: an argon fluoride (ArF) laser having a wave- 
length of approximately 1 93 nm; a krypton fluoride (KrF) 
laser having a wavelength of approximately 248 nm; a 



xenon chloride (XeCI) laser having a wavelength of ap- 
proximately 308 nm; a xenon fluoride (XeF) laser having 
a wavelength of approximately 351 nm; or an ErYAG 
laser. 

s [0014] The present invention has other features which 
limit the depth of ablation by utilizing feedback from the 
physiology of the skin, namely the infusion of blood into 
the area of excision when skin has been ablated to a 
sufficient depth to produce bleeding. The infusion of 

10 blood can act as a "stop" to prevent further ablation, 
thereby effectively terminating the dermablation. The 
blood can then be removed by washing it away with 
physiological saline solution, clearing the area for fur- 
ther treatment. 

is [001 5] One version of the present invention utilizes a 
laser having a relatively low blood absorption character- 
istic, such as an ArF laser, to ablate the skin to a suffi- 
cient depth to produce bleeding. A second laser, such 
as a uv light source with a different wavelength and a 
relatively high blood absorption characteristic, is then 
utilized to penetrate the blood, heating it sufficiently to 
coagulate the blood, stemming subsequent bleeding, 
yet leaving the tissue with an intact ability to heal without 
the formation of scar tissue. 

[0016] An example of such a system, wherein the la- 
ser is an ArF laser, further comprises: a coagulating light 
source having a different wavelength than the ArF laser 
and a relatively high blood absorption characteristic; 
means for detecting the appearance of blood at a given 
skin location; and means for switching to the coagulating 
light source, in response to the detection of blood at a 
given skin location. 

[0017] Examples of the coagulating light source in- 
clude a krypton fluoride (KrF) laser having a wavelength 
of approximately 248 nm; a xenon chloride (XeCI) laser 
having a wavelength of approximately 308 nm; and a 
xenon fluoride (XeF) laser having a wavelength of ap- 
proximately 351 nm. 

[0018] The present invention has still other features 
which provide precise lateral and depth control, permit- 
ting the epidermis to be removed down to the papillary 
dermis, following the undulations of the papillary dermis, 
so that the papillae are not penetrated even though the 
epidermis is removed in the adjacent rete ridges. This 
lateral and depth control may be accomplished by using 
careful observation, assisted by spectroscopic detec- 
tion, to identify when the epidermis has been removed, 
exposing the underlying dermis, with spatial resolution 
appropriate for the spacing of the undulations of the pap- 
illary dermis. 

[001 9] The lateral and depth control of the present in- 
vention is one advantage over prior art laser peels op- 
erating at wavelengths which lead to thermal damage 
in the tissue underlying the ablated region that renders 
this underlying tissue denatured and coagulated. For 
example, the use of current COg lasers make it difficult 
if not impossible to determine how deep the ablation has 
penetrated based on real-time observation and/or feed- 
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back control. 

[0020] Accordingly, the present invention has yet oth- 
er features which provide a feedback control mecha- 
nism which utilizes the optical characteristics such as 
the colour, appearance and remittance of the definable 
skin layers. Using ultraviolet light ablation, the tissue un- 
derlying the ablated region will retain its undamaged 
morphology and colour, permitting real-time determina- 
tion of whether the ablation has proceeded to the correct 
depth, e.g., to or just beyond the epidermal-dermal in- 
terface. 

[0021] Another example of the present invention in- 
cludes a means for controllably abalating the skin by de- 
tecting a colour change near or at the epidermal/dermal 
boundary. The control mechanism could be a feedback 
control mechanism, comprising: a second light source 
illuminating the skin; and at least one photodetector hav- 
ing an input and an output; the input receiving scattered/ 
reflected/fluoresced light from the second light source, 
and the output providing a feedback signal to the system 
causing the light source to be inhibited at a given loca- 
tion, in response to the second light source at the input. 
Examples of the second light source include a visible 
light source; an infrared light source; and an ambient 
light source. Another example of the second light source 
is one which is both relatively highly absorbed by epi- 
dermal melanin and relatively highly remitted by a der- 
mal layer. 

[0022] Furthermore, the present invention has fea- 
tures that serve to automate the removal of skin, where- 
in the ablating laser beam can be scanned accurately 
and repeatably over a designated area of skin under the 
control of a computer system which utilizes real-time ob- 
servation and/or feedback to control the depth of abla- 
tion at each location. The areas to be scanned may be 
designated by an adjunct visible alignment laser, em- 
ploying an input device to scan the alignment beam over 
the area of skin to be treated and recording the beam 
positions for subsequent automatic scan of the ablating 
laser beam over the same scan domain. Alternatively, 
the area of treatment may be specified by recording its 
image with a camera and designating on the digital im- 
age the locations to be treated. 
[0023] An example of an automated system having 
features of the present invention includes an alignment 
and recording mechanism, comprising: a visible laser 
emitting a beam illuminating the skin at a location coin- 
cident with the ablating light; means for scanning the 
beam across the locations on the skin; and means for 
recording scanned beam positions, coupled to the 
means for scanning, for subsequent automatic scan of 
an ablating light source across the locations on the skin. 
[0024] An example of the computer and control mech- 
anism includes: one or more rotatable mirrors, the mir- 
rors positioned in the light source path for controllably 
scanning the light source; one or more motors, coupled 
to the mirrors, for angularly rotating and feeding back 
angular positions of the one or more mirrors; and a com- 
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puter, coupled to the light source and the motors for con- 
trolling the motors and selectively shuttering the light 
source at a given location on the skin. 
[0025] In yet another example, the computer includes 

s a feedback control system, coupled to the light source 
for selectively shuttering the light source at a given lo- 
cation on the skin. The shuttering mechanism could be 
an active mask array, coupled to the feedback control 
system, for selectively shuttering the light source at a 

10 given location that has been ablated to the desired 
depth. 

[0026] Stili another example of the present invention 
is a robot/laser system, further including a camera for 
visualizing an image of the locations on the skin; a com- 

is puter, coupled to the camera, the computer having an 
output for displaying and an. input for designating the 
locations of the skin to which the laser is directed. 
[0027] Preferably, the robot/laser system further in- 
cludes: one or more rotatable mirrors, the mirrors posi- 

20 tioned in the light source path for controllably scanning 
the light source; one or more motors, coupled to the mir- 
rors, for angularly rotating and feeding back angular po- 
sitions of the one or more mirrors; a second light source 
illuminating the skin being ablated, wherein light from 

2S the second light source is scattered/reftected/fluoresced 
from the ablated location; a photodetector having an in- 
put and an output; the input for receiving the light from 
the second light source; and the output coupled to the 
system and providing a feedback signal to the system 

30 for inhibiting the pulsed light source at a given location. 
[0028] Preferably the robot/laser system includes a 
registration mechanism for relating coordinates of a 
point in one patient coordinate frame of reference to a 
corresponding position in the robot/laser frame of refer- 
as ence. An example of the registration mechanism in- 
cludes means for attaching fiducials to the skin; a mov- 
able tracking laser, coupled to the computer, for record- 
ing 3D coordinates of the fiducials; and triangulation 
means, for establishing 3D locations of the fiducials in 

^0 the tracking laser frame of reference. Another example 
of the registration mechanism comprises: means for re- 
lating points corresponding to an area of skin in the pa- 
tient frame of reference subsequent to a change in po- 
sition, to the same area of skin in a patient frame of ref- 

45 erence prior to said change in position. Yet another ex- 
ample of the registration mechanism comprises means 
for accurately directing the light source by relating points 
on an area of skin defined in a digital image, to an area 
of skin on the patient. 

so [0029] An alternative registration mechanism com- 
prises: means for attaching fiducials to the skin; a pair 
of cameras, coupled to the computer and mounted at 
fixed positions relative to the robot/laser system for re- 
cording coordinates of the fiducials; calibration means 

ss for relating the fixed positions of the cameras to the ro- 
bot/laser system from a predetermined calibration trans- 
formation; and a camera model for mapping the rela- 
tionship between each location in 2D camera images 
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and a set of 3D points in an imaged space that map to it. 
[0030] Another example a robot/laser system of the 
present invention includes: a camera for visualizing an 
image of the locations on the skin; a computer, coupled 
to the camera, the computer having an output for dis- 
playing and an input for designating the locations of the 
skin to which the laser is directed; a flexible optical fibre 
bundle having an output end and an input end, the out- 
put end being attached to a mask for affixing to the pa- 
tient and the input end adapted for receiving the light 
source in a predetermined manner; and a removable 
mirror located adjacent to the input end for viewing the 
skin through the fibre bundle using the camera. 
[0031] In addition to serving to remove cosmetic de- 
fects, i.e. seborrheic keratoses and lentigenes, the Der- 
mablator/Dermablation can provide a modality to treat 
other pathologies of the epidermis, including Bowen s 
disease, exophytic warts, flat warts, lichen-planus-like 
keratosis (LPLK), and actinic keratoses. Thus, this in- 
vention provides an apparatus and process for treating 
a wide range of common skin conditions. 
[0032] Furthermore, there are many other applica- 
tions of this invention: (i) The precise superficial capa- 
bility of Dermablation allows tissue to be "marked", i.e., 
scored with an identifying mark, either on the patient or 
on biopsy samples; (ii) Localized fungal infection of the 
toenail may be treated by ablating the infected region to 
the desired depth without damaging underlying tissue; 
(iii) Burn eschar (the result of a serious burn) may be 
removed by ablating it with the Dermablator, following 
the variable thickness of the eschar and stopping at 
each location as soon as healthy, viable tissue is uncov- 
ered; (iv) Malignant melanoma may be removed by Der- 
mablation with elimination of surgically-induced metas- 
tasis, i.e., no viable cancer cells will be released into the 
patient's system; (v) Patients with bacterial or viral in- 
fection (e.g., AIDS) may be treated with no danger that 
the tissue ablated from the surface will contain viable 
viral particles or other microbes, since Dermablation de- 
composes the ablated material into small inert molecu- 
lar or atomic fragments; (vi) Patients with the rare con- 
dition of Epidermolysis Bullosa, whose delicate skin is 
incapable of repairing itself following even minor surface 
cuts and wounds, can have epidermal lesions removed 
by Dermablation without compromising their fragile der- 
mis; and (vii) Eyelid lesions at the tarsal margin, such 
as hydrocystoma and Chalazion (sty), may be treated 
with great precision, resulting in minimal damage to the 
eyelashes and minimizing the likelihood of notches or 
other depressions in the tarsal margin that can interfere 
with tear flow and mucous distribution on the inner sur- 
face of the eyelid. 

[0033] An additional application is to use Dermabla- 
tion to remove a basal cell carcinoma. Here, the lesion 
can be selectively marked with an exogenous agent that 
provides contrast between the lesion and surrounding 
healthy tissue. Basal cell carcinomas are differentiated 
from surrounding tissue in biopsy specimens by stand- 



ard histological treatment, i.e., staining the tissue with 
chemicals. Such histology is used to make the diagnosis 
of basal cell carcinoma in the biopsy. Staining agents 
can be applied directly on the patient, providing a visible 
5 differentiation of the basal cell carcinoma, such differ- 
entiation being used to guide the Dermablator to remove 
the lesion with minimal collateral damage. 

Brief Description of the Drawings 

to 

[0034] The invention will now be described, by way of 
example only, with reference to the accompanying 
drawings, in which: 

is Figure 1 depicts an cross section of normal human 
skin; 

Figure 2 depicts a form of the apparatus construct- 
ed in accordance with the present invention; 

20 

Figure 3 depicts a form of the apparatus construct- 
ed in accordance with the present invention; 

Figure 4A depicts a form of the apparatus including 
25 the surgeon interacting directly with the patient in 
accordance with the present invention; 

Figure 4B depicts a form of the apparatus including 
a means of scanning the laser beam in accordance 
30 with the present invention; 

Figure 4C depicts a form of the apparatus including 
the surgeon interacting with the patient via a remote 
mechanism in accordance with the present inven- 
ts tion; 

Figure 5 depicts a form of the apparatus including 
the surgeon interacting with the patient via a remote 
mechanism in accordance with the present inven- 
40 tion; 

Figure 6 is a diagram helpful in explaining the op- 
eration of the apparatus of Figure 4C and Figure 5; 
and 

45 

Figures 7-10 depict examples of an apparatus con- 
structed in accordance with the present invention. 

Detailed Description 

so 

[0035] By way of overview, UV light removes thin lay- 
ers of tissue at a rate that depends on the fluence Fof 
the light. There is a threshold fluence F m , and areas at 
the surface of the tissue that are irradiated with a Fex- 
ss ceeding are ablated to a depth of approximately 1 
ujn for each (short) pulse of light. The unablated tissue 
underlying and adjacent to the ablated area absorbs 
some light and is damaged to a depth of somewhat less 
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than 1 |xm, essentially to sub-cellular depth. Successive 
light pulses remove additional thin, layers, and after the 
last pulse there is only an ultra-thin, sub-cellular layer 
of tissue at the margins of the ablated region that expe- 
riences damage. Thus, collateral damage is intrinsically 
minimized. The surgeon or medical practitioner needs 
a source of light delivering F > F th and a delivery tool. 
The source might be a far UV pulsed laser, such as an 
excimer laser. Different excimer lasers emit radiation at 
different wavelengths, which ablate tissue to different 
depths and with different F ttr Well-known far uv excimer 
laser systems include XeF at 351 nm, XeCI at 308 nm, 
KrF at 248 nm, and ArF at 193 nm. All excimer laser 
systems have been shown to be capable of emitting 
pulses of far uv light that exceed ablation threshold for 
human (and animal) tissue, including skin. 
[0036] Figure 2 depicts an example of an apparatus 
having features of the present invention. As depicted, 
the delivery tool might be a "pipe" 205 through which the 
light beam 21 0 is transmitted from source to tissue, with 
an adjustable steering mirror 215 to direct the beam 
around corners and an adjustable lens/masking system, 
such as lens 220 and slit 225 at the delivery end, to 
shape the light beam into the desired pattern where it 
irradiates the tissue. 

[0037] Figure 3 depicts another example of an appa- 
ratus having features of the present invention. As de- 
picted, the delivery tool might be an optical fibre, or a 
fibre bundle 305 terminated by a hand-held tool 31 0 that 
the physician or technician can manipulate to deliver the 
light beam to the skin area to be irradiated. 
[0038] Referring now to Figures 1 and 2, the delivery 
tool of Fig. 2 can be adjusted to focus the uv irradiation 
beam to an area small in comparison to the cross-sec- 
tional area of a rete ridge of the epidermis. Then the 
beam can irradiate the area until the epidermis is com- 
pletely removed, before the beam is scanned/displaced 
to an adjacent area where the procedure is repeated, 
ablating this new area of epidermis down to the dermis. 
In this way the contours of the irregular epidermal/der- 
mal interface can be taken into account. By scanning 
the uv laser beam across an area of skin in this manner, 
only epidermis will be removed, with depth precision that 
mirrors the contours of the papillae of the papillary der- 
mis. 

[0039] As will be discussed in more detail below, one 
aspect of the present invention employs a unique detec- 
tion scheme to enable a precisely contoured removal of 
tissue. The epidermis has melanin and thereby is col- 
oured, whereas the dermis is white. For example, the 
medical practitioner can watch the ablated site for the 
appearance of white dermal tissue. Alternatively, a feed- 
back control mechanism such as a photodetector 
mounted near the delivery end of the laser tool can de- 
tect the first appearance of white tissue at the site of 
irradiation, sending a signal that automatically causes 
the laser beam to be displaced to the adjacent area, or 
causing the laser beam to be inhibited or blocked/shut- 



tered until the site of irradiation is displaced to an adja- 
cent area. The photodetector can use ambient light to 
see the spectroscopic/brightness difference between 
light scattered from the surface of the dermis in compar- 
5 ison to light scattered from the surface of the pigmented 
epidermal tissue. The photodetector can employ an ap- 
propriate filter to detect a change in spectral shape (as 
opposed to brightness) when the dermis is unveiled. In 
another example, the site of irradiation can be illuminat- 
10 ed by a low power, visible or infrared beam of light that 
is scattered from the surface of the skin. When the der- 
mis is unveiled, the scattering will change in intensity, 
providing a signature for the detector that can be used 
to scan or shutter the laser beam. 
is [0040] As depicted in Figure 4A, the skin to be irradi- 
ated 405 can also be defined by covering the area with 
a masking material that blocks/absorbs/reflects radia- 
tion except at the desired location for the tissue ablation. 
The masking material 410 could even be made of an 
20 erodable material and fabricated with variable thick- 
ness, so that a homogenous light beam erodes away 
the material and ablates skin under the mask only after 
it has eroded entirely through the mask; Thus, different 
areas of tissue would receive different "doses" of radia- 
ns tion, producing areas of treated skin with the depth of 
the ablation controlled by the careful fabrication of the 
erodable mask. The mask could be impregnated with a 
marker material, e.g., a fluorescent dye, that would give 
a clearly recognizable signal when the mask was being 
30 eroded, such signal ceasing as soon as the mask was 
entirely eroded through. Alternatively, the "masking" 
could be accomplished by applying a "sunscreen" 
cream or ointment, e.g. zinc oxide, to cover areas where 
tissue ablation is not wanted. This sunscreen would 
35 have to be of sufficient thickness so that it is not com- 
pletely eroded through to the underlying skin during the 
treatment. 

[0041] A robot/laser system can serve to scan an ab- 
lating laser beam to deliver a precisely controlled 

40 number of pulses to each location on the area of skin 
being irradiated. Figure 4B depicts an example of such 
a robot/laser system having features of the present in- 
vention. The analogy is to a raster scan of an electron 
beam in a cathode ray tube (TV) display. The amount of 

45 energy, or number of pulses, delivered during one scan 
(or pass) of the laser beam is small enough so that an 
appropriate dose can be applied to each location by var- 
ying the number of times the area is scanned. In con- 
trast, for enhanced speed of tissue removal, one could 

so initially deliver a larger amount of energy per scan, sac- 
rificing precision of depth control, and getting close to 
the desired depth. Then, successive scans could be car- 
ried out at progressively less laser energy, providing in- 
creased precision of depth control and allowing the sur- 

55 geon the fine control to zero in on the desired depth of 
tissue removal. Whether the surgeon chooses to vary 
the laser energy or not between scans, one scan could 
consist of one laser pulse for each location of irradiated 
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tissue or many pulses for each location, the number of 
pulses being selected to remove tissue to a desired 
depth. One example is a stationary laser 415 emitting a 
beam that is guided by a computer-controlled mecha- 
nism. As depicted, one such mechanism could be a pair 
of mirrors 420 rotating on axes at right angles to one 
another. The mirrors could be controlled by motors (not 
shown) having position encoders that enable precise, 
digital designation of the mirror angles of rotation 430. 
The motors can be controlled through a standard A/D, 
D/A circuitry interfaced with a computer 425 running 
standard servo-control software. The motor encoder in- 
formation provides the necessary positioning informa- 
tion for fine control. This system is preferably engi- 
neered to be capable of accurate positioning of the laser 
beam on the skin to within 25 u/n at a typical target dis- 
tance of 0.5 m. The control scheme, encoders, motors, 
mechanical accuracy, and distance from target all affect 
the overall precision. We assume that the robot has 
been calibrated, and the forward and inverse kinematics 
are known with sufficient precision to meet these accu- 
racy requirements. 

[0042] The system (examples of which are described 
below) is preferably capable of positioning the laser 
beam with the required precision at any location on the 
(irregular) surface of the skin. 
[0043] The surgeon can set the area scanned by the 
laser by using several possible techniques. For exam- 
ple, the surgeon can affix a physical mask or plate on 
the robot/laser system that restricts the range of mirror 
angles for which the beam escapes the laser device. Al- 
ternatively, the surgeon could set the extent of the range 
of the mirror angles by interacting with the controller 
software through a user input device such as a key- 
board, mouse, or joystick. Once the surgeon has fixed 
the scan area, he can verify that it is what he intended 
by instructing the laser system to scan using visible light. 
This allows the surgeon to preview the region to be 
scanned by the laser. If the scanned area is not appro- 
priate, the surgeon can reposition the patient or adjust 
the range of the laser as described above. 
[0044] In addition to being able to deliver uv laser en- 
ergy sufficient for tissue ablation at these locations, the 
system can illuminate the area to be treated with light 
visible to the human eye or to an electronic detector or 
imaging detector array. This visible light serves to align 
the system by illuminating the tissue at the same loca- 
tion where the ablating uv beam strikes the tissue, when 
the uv is not otherwise shuttered or turned off. Alterna- 
tively, the system can be a two degrees of freedom 
(2DOF) robotic device that can accurately and repeata- 
bly scan a laser beam over a designated area of skin. 
The system could be a 2DOF robotic arm with a laser 
beam emerging from the delivery end. 
[0045] In the following versions of the present inven- 
tion, the robot/laser system can be programmed to: (i) 
systematically visit every location within a designated 
area in succession (full raster scan); (ii) visit only certain 



locations of interest on the skin surface; or (iii) perform 
a full raster scan with the exclusion of certain designated 
regions within the full area being scanned. For each of 
these scenarios, the general procedure is to alternate 
s between (a) designating regions of tissue to be irradiat- 
ed and (b) exposing these regions of interest to laser 
energy, thereby removing a thin layer of tissue, with 
steps (a) and (b) being repeated until the treatment is 
complete. 

10 [0046] Scenario (i): systematicaily visiting every lo- 
cation in succession, while protecting certain locations 
from tissue ablation by use of a physical mask. Referring 
again to Figure 4A, the robot/laser system 400 is capa- 
ble of emitting two different laser beams, a uv radiation 

is laser for ablation and a visible laser for alignment. With 
the uv radiation laser source shuttered, the surgeon 
scans the visible alignment beam 412 across the area 
of skin to be treated, thereby designating the area for 
the system control mechanism. The surgeon then ap- 

20 plies a physical mask or masking material 41 0 to those 
regions 406 within the area that will be illuminated during 
the ablation scan but which are not to receive treatment, 
i.e. not to be ablated. The mask might be made of a re- 
flective material, thereby directing the uv laser energy 

25 away from the underlying skin. Alternatively, it could be 
made of an absorbing material with a threshold for ab- 
lation greater than that of skin. Yet another alternative 
is the absorbing material might be of sufficient thickness 
that the process does not erode all the way through the 

30 mask. Next, the surgeon opens the shutter, admitting 
the uv radiation and uses that radiation to scan the des- 
ignated area 407. Following a full scan, the surgeon as- 
sesses the irradiated area. A masking material can then 
be applied to those regions where no more tissue should 

35 be removed. The surgeon then repeats this process until 
all locations to be treated have been ablated to the de- 
sired depth, with the masked-off region expanding with 
each iteration. Since the locations to be ablated are dis- 
tinguished by a physical mask from the adjacent loca- 

40 tions that are not to be ablated, minor patient motion can 
be tolerated during all phases of the procedure. 
[0047] Scenario (II): visiting only certain locations 
within the larger area to be treated, protecting other lo- 
cations within that larger area from ablation by an "elec- 
ts tronic shutter - . Figure 4C depicts an example of a com- 
puter-controlled robot/laser system 402 in accordance 
with the present invention capable of emitting two differ- 
ent laser beams: a uv radiation laser for ablation; and a 
visible laser for alignment. The surgeon can, as before, 

so designate the locations to be ablated by using an align- 
ment light 41 2 to define these locations. The alignment 
light can be pointed and moved to outline the locations 
of skin to be treated. Additionally, a phosphorescent ma- 
terial can be applied to make the outlined region easier 

55 to read. An input device 450 such as a joystick, mouse, 
or force-torque sensor, can be used to translate the sur- 
geon's hand motion into motion commands for servo 
motors controlling the visible beam position. It is well 
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known in the art of computer-integrated surgery to 
record in a computer the specific point locations on or 
in a patient using a multitude or variety of 3D localizing 
technologies, e.g., mechanical pointing devices. See e. 
g., Computer-integrated Surgery. Technology and Clin- 
ical Applications, Russell H. Taylor et ak, (editors), The 
MIT Press, pp. 5-1 9,(1 996) (hereinafter "Computer Sur- 
gery'). According to the present invention, a robot/laser 
system preferably includes computer software for re- 
cording the visible beam positions which have been des- 
ignated by the surgeon for subsequent "playback' using 
the ablating laser. In essence, the surgeon outlines the 
locations to be ablated directly on the patient's skin by 
using the visible light beam as a "drawing" tool. 
[0048] A complete procedure may involve many iter- 
ations. As an initial step, the surgeon can use the visible 
light 41 2 to position the system. The area of interest 455 
can then be outlined. At this point, these locations can 
be previewed in visible light or the system switched to 
ablation mode and directed to deliver controlled treat- 
ment of these locations. Note that the patient should not 
move from the time the surgeon designates the loca- 
tions of interest to the time the ablation scan is complet- 
ed. The patient is then free to move. For the next itera- 
tion, new areas of interest can be designated, which 
may or may not overlap the previous locations, and the 
process repeated. This procedure is repeated for as 
many times as it takes to ablate all of the designated 
locations of skin to the desired depths. The surgeon is 
typically making decisions from iteration to iteration. 
[0049] In many cases, the area being treated can re- 
quire many iterations to attain the full treatment and if 
the patient moves between iterations, the treatment re- 
gion must be re-designated by the surgeon. This may 
become tedious, slow and lead to inaccurate treatment. 
Thus, it is desirable to develop a registration, well known 
in the art, between the area of treatment on the patient 
and the coordinate frame of the robot (see e.g., Com- 
puter Surgery, pp. 75-97). A more detailed example of 
a registration technique in accordance with the present 
invention follows in scenario (iii), but briefly, the region 
can be registered to the patient by determining the 
three-dimensional (3D) position of the area of skin sur- 
face to be treated. This surface area is then tracked 
when the patient moves. The result is that a location of 
treatment designated by the surgeon can be identified 
by the system, from iteration to iteration, even though 
the patient moves, without active re-designation by the 
surgeon. This same capability allows the surgeon to 
build up a complicated pattern of treatment over succes- 
sive iterations. For example, the surgeon can re-irradi- 
ate a region of locations previously irradiated with the 
additional specification of a region within the larger re- 
gion that will be "electronically masked off". 
[0050] Scenario (iii): systematically scanning an ab- 
lating uv laser over an area while automatically "shut- 
tering" the laser when certain locations (for which no fur- 
ther ablation is desired) are in the target area. Figure 5 



depicts an example of a computer assisted UV Dermab- 
lator system having features of the present invention. 
As depicted, a surgeon can designate locations of inter- 
est on a digital image 500 of a patient 505 on a computer 

s display 510, rather than directly on the patient. This will 
make the region-editing functions easier to use. A cam- 
era 515 can be mounted on the system such that the 
area of skin to be treated is within its field of view. The 
system is preferably configured so that a digital image 

10 is available to a computer 525 for display, image 
processing, and interaction. To maintain a correspond- 
ence between the area designated in the camera image 
500 and the area that will be scann ed 530 by the ablating 
laser 550, these two areas must be registered with re- 

15 spect to one another. (Registration is described below). 
[0051] By way of overview, the surgeon can use a vis- 
ible alignment light to illuminate the patient and carry 
out a scan in order to get an appropriate initial placement 
of the system relative to the patient. The surgeon then 

20 records ("snaps") an image of the patient. Then, an au- 
tomatic (or semiautomatic) registration can be per- 
formed to align the laser system with the camera image. 
Now the patient must not move until a scan with the ab- 
lating uv laser is complete. Using a mouse, joystick, or 

25 touch screen, the surgeon designates on the digital im- 
age the locations to be treated. Working with this digital 
image makes available the full graphics power of the 
computer to provide a richer pallet of editing techniques, 
such as area growing, area shrinking, inversion, outlin- 

30 ing, colour discrimination, etc. The surgeon can then 
treat the designated locations using the ablating laser. 
The patient may then move. The process is then repeat- 
ed for additional iterations (snap image, register, desig- 
nate locations, ablate) until the surgeon determines that 

35 treatment is complete. 

[0052] Registration: Scenarios (ii) and (iii) can call 
for some sort of registration to relate the coordinates of 
a point in one coordinate frame of reference to its cor- 
responding position in a different coordinate frame of 

to reference. In scenario (ii), the points corresponding to 
an area of skin on the patient (in the patient s current 
position) may need to be related to the area of skin de- 
fined earlier (before the patient moved). In scenario (iii), 
an area of skin defined in a digital image must to be re- 

45 lated to an area of skin on the patient, so that the ablating 
laser beam can be accurately aimed. 
[0053] Consider scenario (ii) with reference to Figure 
6, which depicts an example of the frames of reference 
and transformations between these frames of reference 

50 needed for registration in accordance with the present 
invention. To enable registration of an area of skin after 
patient movement with that same area of skin before 
movement, one first defines that area of skin with re- 
spect to a coordinate system "P" attached to the patient. 

55 That coordinate system is then reregistered by a visible 
tracking laser 605 mounted on the robot/laser system, 
relative to 660 the coordinate frame "R" associated with 
the robot/laser system. Such registration can beaccom- 
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plished by attaching several markers, or fiducials 610, 
to the patient, pointing the tracking laser beam 607 at 
each fiducial while the tracking laser is in one mounting 
position, moving the tracking laser to a second mounting 
position, and repeating the pointing process, thereby es- 
tablishing the 3D locations of each fiducial in R through 
triangulation. The use of robot-assisted surgery and in 
particular fiducial markers for registration is well known 
in the art. See e.g., Kazanzides, et al, "An Integrated 
System for Cementless Hip Replacement," IEEE Engi- 
neering in Medicine and Biology Magazine 14, pp. 
307-313(1995). 

[0054] In greater detail, the patient coordinate frame 
P is defined in terms of the fiducials 610. This reference 
frame P is an orthonormal basis made up of the vectors 
x, yand z. For example, the x-axis of the patient coor- 
dinate frame P might be a vector formed by a line from 
a first fiducial f, to a second fiducial f 2 , with f, serving 
as the origin of frame P. Additional fiducials might be 
placed at locations f 3 and f 4 . With the 3D locations of 
the fiducials 61 0 established in reference frame R, Gram 
-Schmidt orthogonalization may be used to define yand 
z in terms of xand the coordinates of the fiducials 610 
(in R). A description of this orthogonalization procedure 
is given in Edwards and Penney, Elementary Linear Al- 
gebra, pp. 241 -242, Prentice-Hall, Englewood Cliffs, NJ, 
(1 988). The transformation R T P between the two frames 
of reference, P and R, can then be computed in a 
straightforward manner. Any time the patient moves, for 
example from position 0 to position 1 , the patient frame 
changes from P 0> to P v and a new transformation R T P 
can be established through triangulation. 
[0055] The area of interest in the patient frame of ref- 
erence is defined by constructing a surface 620 passing 
through the fiducials (the "fiducial surface"). When the 
surgeon identifies an area of interest with the tracking 
laser, this beam will intersect the fiducial surface 620 at 
a set of locations 625. The set of 3D points correspond- 
ing to these intersections is fixed in the patient coordi- 
nate frame P, even when the patient moves. So, to reg- 
ister an area of interest after the patient moves, only the 
transformation R T P . for the new position of the fiducials 
need be computed. Registration in scenario (iii) with a 
camera recording digital images of the patient has many 
similarities to scenario (ii). Again, the area of interest is 
defined in terms of the patient coordinate frame P by the 
intersection of the alignment laser and a surface 620 
constructed through the known fiducial positions 610 
and the locations of intersection 625. The main differ- 
ence is that the positions of the fiducials is determined 
by triangulation using two cameras 630 instead of using 
two different positions of a tracking laser. The cameras 
can be mounted at fixed positions relative to the robot/ 
laser frame 660. Their position (the measurement frame 
"M") relative to the robot/laser frame 660 is known from 
a calibration transformation M T n determined prior to the 
medical procedure and does not change in the course 
of this procedure. Those skilled in the art will appreciate 



that alternatively, one camera could be used by moving 
it to two different positions. An accurate camera model 
has preferably also been built prior to the procedure, so 
that the relationship is known between each location 
5 (pixel) in the 2D camera image and the set of 3D points 
(within a cone) that map to it. Given this camera model, 
when the surgeon snaps the images, a pair of stereo 
images is captured and made accessible to a computer 
(not shown). Well known image processing techniques 

10 can be used to identify the fiducials 610 and to establish 
the coordinate axes (x,y,z) of the patient frame of refer- 
ence P. Ambiguity in establishing the correspondence 
between fiducial images in the pair of camera images 
(e.g., if one fiducial is obscured by the second fiducial 
in one image of the pair while both fiducials give distinct 
points in the second image) may be resolved by the sur- 
geon based on his visual observation of the patient. 
(See e.g., D. H. Ballard and C. M. Brown, Computer Vi- 
sion (Prentice-Hall, Englewood Cliffs, NJ, 1982), pp. 

20 88-93). The surgeon can then designate an area of in- 
terest directly on one of the images on a computer 
screen, as described above. As in the registration sce- 
nario (ii), the system translates this designation into the 
. area of interest in the patient frame P. The system is 

25 then capable of following this surgical plan, i.e. deter- 
mining the set of robot/laser ablation locations that cor- 
respond to the region designated on the screen. 
[0056] Alternative means to using the cameras 630 
for locating the fiducials 610 include the use of a 3D dig- 

30 rtizer 640 (an array of cameras that optically tracks light- 
emitting diode markers affixed to the patient), e.g., an 
. OPTOTRAK™ device (manufactured by Northern Dig- 
ital, Inc., Canada) (see. e.g. R. H. Taylor et al, "An over- 
view of computer-integrated surgery at the I BM Thomas 

35 j. Watson Research Centre", IBM J Research and De- 
velopment 40, p. 1 72 (1 996)) or of a calibrated pointing 
device 650 (a mechanically manipulated pointer to 
reach out and point to the fiducials 610), e.g., the VIEW- 
ING WAND™ (manufactured by ISG Technologies, Inc., 

40 Canada). Several safety features can be built into the 
UV Dermablator. The surgeon makes the decision as to 
which area of skin to treat and how many pulses of light 
are to fall on each location of tissue. He can then set the 
robot/laser system on "automatic pilot". But the surgeon 

45 will be watching the procedure and can intervene at any 
time, taking "manual" control of the system. This is anal- 
ogous to putting an automobile in cruise control once a 
cruising speed is selected, but having the ability to in- 
stantly take back control by touching the brake pedal. 

so [0057] Also, insofar as a computer is being used to 
control the delivery of ablating energy to the patient's 
skin, each location of skin being irradiated can be la- 
belled and its history recorded by the computer. Then, 
with a safety threshold set in advance, the system will 

55 not deliver pulses in excess of that threshold without an 
explicit command by the surgeon. 
[0058] Figure 7 depicts an example of an alternative 
system in accordance with the present invention for de- 
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livering laser energy to the patient's skin while permitting 
the patient to move throughout the procedure. As de- 
picted, the system includes an optical fibre bundle 710, 
one end of which is clamped to a mask 715 worn by the 
patient while the other end, the input end 720, is 
scanned by an ablating laser beam 725 in a predeter- 
mined manner. The fibre bundle 710 is preferably flexi- 
ble and abuts the patient's skin. The surgeon can look 
at the skin through the input end 720 of the fibre bundle 
710, using, for example, a mirror 730 that snaps into po- 
sition for viewing. This mirror 730 snaps out of the way 
for ablation, working like the mirror in a single lens reflex 
(SLR) camera. With the viewing mirror in place, a cam- 
era 735 can view the patients skin, deliver its image 750 
to a computer 740 and computer display 745, and the 
surgeon can mark the areas to be treated as described 
in scenario (iii). With the viewing mirror 730 displaced, 
the ablation can proceed, the laser 700 scanning across 
the input end 720 of the fibre 710 in a predetermined 
pattern. Successive viewing, marking, and ablation iter- 
ations are carried out until the procedure is completed 
to the surgeon's satisfaction. Use of this fibre bundle 71 0 
eliminates the need for re-registration between each it- 
eration, because the output end of the bundle does not 
move relative to the patient during the procedure. 
[0059] Process - UV Dermablation: The ablation of 
skin by pulsed uv light in accordance with the present 
invention can remove epidermal tissue with minimal 
damage to the underlying dermis and minimal scar tis- 
sue and erythema. Since each pulse of uv light removes 
less than a cellular layer of tissue, it is possible to control 
the procedure with great precision, ablating the skin to 
the desired depth and no more. 
[0060] In a preferred embodiment, the skin is ablated 
to a depth where bleeding just commences, with no 
deeper penetration. So a process is needed to stop the 
ablation as soon as bleeding is detected. Alternatively, 
the process can be slowed at the first hint of bleeding 
and brought to a complete halt at an additional, adjust- 
able predetermined depth, depending on the patient's 
skin condition. Referring again to Figure 1A, the dermis, 
which is much thicker than the epidermis (up to 4 mm 
thick), has fewer cells, and is mostly connective tissue 
or fibres. Blood vessels course through the dermis. The 
skin is vastly perfused with blood. The mean blood flow 
is many times greater than the minimum flow necessary 
for skin cell nutrition because cutaneous blood flow 
serves as a heat regulator of the entire organism. Thus 
blood is plentiful and flowing at depths just below the 
basement membrane. Once the ablation process perfo- 
rates a capillary wall, blood will perfuse into the incision. 
[0061] For the purposes of this invention, blooddiffers 
from the surrounding dermis in one very important way: 
the aqueous chlorine ions in blood are a strong absorber 
of uv radiation at wavelengths below 200 nm, with an 
absorption maximum at 1 90 nm. This absorption differs 
from the absorption of uv light by cells and protein mol- 
ecules in that the absorbed energy is not quickly degrad- 



ed into heat. So the "salt water" that is the major com- 
ponent of blood will 'block" the incoming uv light and 
attenuate or completely halt the ablation process, de- 
pending on how much blood is pooled in the cavity of 
5 the incision (The uv photon energy detaches an electron 
from the chlorine ion, leaving a chlorine atom and a sol- 
vated electron dissolved in the water. Eventually, on a 
time scale long compared to ablation and thermal diffu- 
sion times, the electrons will encounter neutral chlorine 
io atoms and recombine to form ions, giving up the photo- 
detachment energy to heat, but the temperature rise will 
be minimal and of no consequence to the viability or 
morphology of the tissue (see e.g., R. J. Lane, R. Lin- 
sker, J. J. Wynne, A. Torres and R. G. Geronemus, "Ul- 
is traviolet-Laser Ablation of Skin", Archives of Dermatol- 
ogy 121: 609-617 (1985); and E. Rabinowitch, "Electron 
Transfer Spectra and Their Photochemical Effect", Re- 
views of Modern Physics 14: 112-131 (1942)). Oneway 
to take advantage of this effect is to horizontally orient 
the skin surface being treated, and direct uv radiation in 
the spectral region of the photodetachment energy, e. 
g., ah ArF laser radiation at 193nm, at the target surface 
from above. As blood perfuses the incision, it will pool 
under the influence of gravity, and act as a block against 
further tissue ablation. Alternatively, the patient can sit 
in a comfortable position and the punctate blood spots 
that appear when capillary walls are penetrated will 
serve to block further ablation of tissue under the punc- 
tate blood. Since the skin being treated varies in thick- 
ness, different regions of the skin will start to bleed at 
different depths of penetration, but the naturally occur- 
ring bleeding will block ablation at an appropriate depth 
for each region of skin. 

[0062] At various points in the Dermablation proce- 
dure, it will be desirable to remove the blood or stem the 
bleeding, to prevent the region of treatment from being 
obscured. Blood can be washed away with physiologic 
saline solution, but such solution will continue to act as 
a block against further ablation by uv radiation in the 
photodetachment energy spectral region, e.g., the ArF 
excimer laser at 1 93 nm. The bleeding area can also be 
washed by deionized water, which is transparent to ra- 
diation at the uv wavelengths of the ArF, KrF, XeCI, and 
XeF excimer lasers. 

[0063] Figure 8 depicts a dual laser system having 
features of the present invention. As depicted, first 193 
nm radiation from an ArF laser 81 0 can be used to ablate 
the skin 815 until bleeding blocks the ablation. Next the 
wavelength is changed (by, for example, using a second 
laser 820 supplied with a gas mixture producing longer 
wavelength light, such as KrF, XeCI or XeF) so that the 
radiation at the second wavelength will not be blocked 
by photodetachment, but will be absorbed by blood pro- 
tein, heating it sufficiently to coagulate the blood. Thus, 
further bleeding is stemmed, yet the tissue retains an 
intact ability to heal without the formation of scar tissue. 
[0064]' Figure 9 depicts another example of a system 
in accordance with the present invention. As depicted, 
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evidence of bleeding can be detected using a visible il- 
luminating laser 910 that is aimed at the skin to overlap 
the uv radiation 955, this visible beam 915 scattering 
from the rough surface of the skin being treated to form 
a visible "spot" that can be detected by the practitioner's 
eye or by a photodetector 930 mounted near the tissue 
being treated. When punctuate blood appears, a small 
fraction of the visible laser beam will reflect specularly 
from the surface of the liquid and a major fraction of the 
visible laser beam (915) will be absorbed by the pigment 
(hemoglobin) in the red blood cells in the blood, leading 
to a great reduction of the light hitting the photodetector. 
This reduction in signal can be fed back to the uv laser 
950 power supply or to a beam shutter by a control sig- 
nal 960 which terminates the surgical procedure. 
[0065] Alternatively, instead of penetrating into the 
papillary dermis to a depth sufficient to induce bleeding, 
the complete ablation of the epidermis can be detected 
by monitoring for the first appearance of the white der- 
mal boundary 925. The dermis is first revealed when the 
pigmented epidermis and basal cells are totally re- 
moved. For example, a focused laser beam 955 of small 
cross section (compared to the area of a papillae or rete 
ridge) can be scanned and shuttered in response to de- 
tecting white dermal tissue 920. Such colour change can 
be detected visually by the medical practitioner's eye. 
Alternatively, the colour change can be detected by the 
photodetector 930 monitoring the amount of scattered 
light from the visible laser beam 915. To improve the 
ability to detect the colour change in the presence of 
ambient lighting, the photodetector 930 might be 
equipped with a filter tuned to the colour of the illuminat- 
ing visible laser beam 915. By limiting the detected light 
to the narrow spectral region around the colour of the 
visible laser, the detection scheme discriminates 
against ambient light at all other colours, thereby im- 
proving the precision with which the appearance of the 
dermal boundary can be detected and used for feed- 
back to terminate the surgical procedure. 
[0066] Figure 10 depicts another example of a laser 
system having features of the present invention. As de- 
picted, a laser system 1010 can apply a laser beam 
1050 over a relatively large area, encompassing many 
papillary contours. An active mask 1060 between the 
source 1010 of the beam and the skin, can be used to 
shutter selected areas of the beam (Fig. 1 0). The mask 
1060 could be controlled by a detector 1 070 or an array 
of detectors, so that each area of the skin being irradi- 
ated can provide a colour-change based feedback sig- 
nal 1075 to a control system 1080 which then inhibits or 
shutters a section of the laser beam irradiating that area, 
in a one-toone "map". Recall that the epidermis 1005 
contains melanin while the dermal layer 1020 is white. 
This mask could be controlled elect ro-optically, or even 
be mechanically shuttered by an array of opaque flaps 
that rotate into the beam so as to block selected areas. 
The mask 1060 might be placed in the ablating laser 
beam 1050 at a location where the beam is relatively 



defocused, covering a large area. At such a location the 
laser beam 1050 will be of such low intensity and low 
fluence so as not to damage the mask. At this location, 
each element of the array can be relatively large. When 
s the beam is focused by projection lenses 1065 to a 
smaller area 1090 on the skin, the light passing through 
each element will be correspondingly demagnified as 
well as intensified. In this way the pattern of light trans- 
mitted by the mask array may be projected to a corre- 
10 spondingly smaller area on the skin, yielding a trans- 
verse precision suitable for following the contours of the 
epidermal/dermal boundary. In addition, the focusing in- 
creases the fluence of the laser beam, ensuring that it 
is above threshold for ablation. In this way, the epidermis 
1005 can be controllabty ablated right down to the der- 
mal boundary with great depth precision and transverse 
control, despite the irregular contours of the dermal/ep- 
idermal interface 1015. 

[0067] In one embodiment, the photodetector 1070 
could be used in conjunction with and responsive to an 
illuminating laser 910, as depicted in Figure 9. It is 
known that the skin can be modeled macroscopically as 
a murtilayered optical system (see The Science of Pho- 
tomedicine, edited by James Regan and John Parrish, 
Plenum Press, NY, (1982), Chapter 6, pp. 147-194, 
which is hereby incorporated herein by reference in its 
entirety). The relation between sunburn protection and 
the degree of melanin pigmentation in the skin is well 
known. This is because melanin, which is present in the 
epidermis and is most concentrated in the basement 
membrane, is a strong absorber of both shorter wave- 
length visible light and UV radiation. In the spectral re- 
gion approximately from 350 nm to 1300 nm (which in- 
cludes the near UV from 350 nm to 400 nm, the visible 
from 400 nm to 700 nm, and the near infrared from 700 
nm to 1 300 nm), the epidermis can be modeled gener- 
ally as an optically absorbing element while the under- 
lying dermis acts as a diffuse reflector whose remittance 
increases with the wavelength. The epidermal remit- 
tance in this region is essentially due to the regular re- 
flectance at the surface of the skin (-5% for a normally 
incident beam). A change (as detected by photodetector 
(s) (930, 1 070)) in the remittance of an external (U V, vis- 
ible or infrared) illuminating laser, resulting from the 
complete removal of the melanin-containing epidermis, 
could be fed back to selectively shutter the UV laser or 
the active mask 1060. For example, the illuminating la- 
ser might be scanned across the area being ablated 
through the mask array 1060, illuminating in sequence 
each area corresponding to the projected image of one 
of the elements of the mask array. Scattered light de- 
tected by photodetector 1070 could then provide the 
feedback signal 1075 to shutter the laser beam selec- 
tively at the locations of the mask array that project to 
the areas of skin that have been ablated to the desired 
depth. By way of example only, it is known that at 330 
nm-400 nm and 650-700 nm, melanin is highly absorp- 
tive while dermal absorption is negligible. The photode- 
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tector would be selected to transmit its control signal in 
response to an increase (or decrease) in remittance for 
the wavelength of an illuminating laser emitting light in 
one of these spectral regions. 
[0068] Melanin, which is the pigment that colours the 
epidermis, originates from melanocytes in the basal cell 
layer. Once the basal layer is removed, a new basal lay- 
er must be regenerated in order to provide pigment to 
the overlying epidermis. If the skin is removed to such 
a depth that the hair follicles included in the region of 
removal are too badly damaged, they will fail to act as 
"seeds" for regeneration of a pigmented basal layer, and 
the healed region will appear to be much whiter (contain 
less melanin) than the surrounding skin. The UV Der- 
mablation method and apparatus of the present inven- 
tion advantageously provides such fine depth control 
that the hair follicles will be spared from destruction, re- 
maining viable and capable of acting as a source for re- 
generation of a fully functional basal layer, including 
fresh melanocytes capable of providing a pigmentation 
that matches the surrounding skin. 
[0069] In the application of UV Dermablation to re- 
move basal cell carcinomas, the skin to be treated can 
be first stained by an exogenous agent, a chemical such 
as those used for histological preparation of biopsy 
specimens. This will "mark" the lesion with a coloration 
and darkness that will provide contrast to surrounding 
healthy tissue. Then the scheme of Fig. 9 can be used 
to control the dermablation process, with a visible laser 
beam illuminating the tissue at the point of ablation, the 
scattered visible light being measured to determine if 
that point has lesion tissue or healthy tissue at the sur- 
face, and this measurement being used to control the 
shuttering of the uv beam when heatthy tissue is at the 
point of irradiation. A scan can be taken over a desig- 
nated area containing the basal cell carcinoma, and this 
scan can be repeated for a sufficient number of itera- 
tions until the lesion is entirely removed, as determined 
by the measurement signal derived from the scattered 
visible light. 



Claims 

1. A surgical system for removing skin, comprising: 

a pulsed light source (400, 415, 402, 550, 660, 
700, 810, 950, 1110) capable of delivering a flu- 
ence F exceeding an ablation threshold fluence 
Ffo and 

a control mechanism, coupled to the light 
source, for directing light from the light source 
to locations on the skin and determining if a skin 
location has been ablated to a desired depth. 

2. A system as claimed in claim 1, wherein the laser 
(81 0) is an ArF laser, the system further comprising: 

a coagulating light source (820) having a dif- 



ferent wavelength than the ArF laser and a relatively 
high blood absorption characteristic; means for de- 
tecting the appearance of blood at a given skin lo- 
cation; and means for switching to the coagulating 
5 light source, in response to the detection of blood 
at a given skin location. 

3. A system as claimed in claim 1 wherein the control 
mechanism comprises means for controllably ablat- 
io ing the epidermis along the contours of an epider- 
mal/dermal boundary. 

4. A system as claimed in claim 3 wherein said means 
for controllably ablating further comprises means 

is for detecting a colour change near or at the epider- 
mal/dermal boundary. 

5. A system as claimed in claim 1 , wherein the control 
mechanism further comprises: 

one or more rotatable mirrors (215, 420), the 
mirrors positioned in the light source path for 
controllably scanning the light source (415); 
one or more motors, coupled to the mirrors, for 
angularly rotating and feeding back angular po- 
sitions of the one or more mirrors; and 
a computer (425), coupled to the light source 
and the motors for controlling the motors and 
selectively shuttering the light source at a given 
location on the skin. 

6. A system as claimed in claim 5 wherein the mirrors 
(215, 420) comprise at least two mirrors having ax- 
es at right angles to one another. 

7. A system as claimed in claim 1 wherein the control 
mechanism includes a feedback control mecha- 
nism, comprising: 

a second light source (910) illuminating the 
skin; 

at least one photodetector (930) having an in- 
put and an output, the input receiving scattered/ 
reflected/fluoresced light from the second light 
source, and the output providing a feedback 
signal (960) to the system (950) causing the 
light source to be inhibited at a given location, 
in response to the second light source at the 
input. 

8. A system as claimed in claim 7, comprising: 
an active mask array (1060), coupled to the 

feedback control system, for selectively shuttering 
the light source at a given location that has been 
ablated to the desired depth. 

9. A system as claimed in claim 7, the second light 
source (91 0) comprising a light source which is both 
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relatively highly absorbed by epidermal melanin 
and relatively highly remitted by a dermal layer. 

10. A surgical system as claimed in claim 1 wherein the 
light source is a laser and the system comprises a s 
robot/laser system, further comprising: 

a camera (515, 630, 735) for visualizing an im- 
age of the locations on the skin; 
a computer (525, 740), coupled to the camera, 10 
the computer having an output for displaying 
and an input for designating the locations of the 
skin to which the laser is directed. 

1 1 . A surgical system as claimed in claim 1 wherein the 1$ 
light source is a laser wherein the system further 
comprises a mechanism for focusing the laser 
beam to a small spot approximately -25 |im in di- 
ameter. 

20 

12. A system as claimed in claim 1 , wherein the control 
mechanism includes an alignment mechanism, 
comprising: 

a visible laser (41 2), said laser emitting a beam 25 
illuminating the skin at a location coincident 
with the ablating light; 

means for scanning the beam across the loca- 
tions on the skin; and 

means for recording scanned beam positions, so 
coupled to said means for scanning, for subse- 
quent automatic scan of an ablating light source 
across the locations (407) on the skin. 

1 3. A method removing skin for use in a surgical system 35 
including a pulsed light source (400, 415, 402, 515, 
660, 700, 810, 950, 1110) capable of delivering a 
fluence F exceeding an ablation threshold fluence 

F ttp the method comprising the steps of: 

directing light from the light source to loca- *o 
tions on the skin; and controllably determining if a 
skin location has been ablated to a desired depth. 

14. A method as claimed in claim 1 3, wherein the laser 

is an ArF laser (810), further comprising the steps 45 
of: 

detecting the appearance of blood at a given 
skin location; and 

switching to a coagulating light source (820), in so 
response to the detection of blood a given skin 
location, wherein providing the coagulating 
light source has a different wavelength than the 
ArF laser and a relatively high blood absorption 
characteristic. ss 

15. A method as claimed in claim 1 3 "wherein said con- 
trollably determining step comprises the step of 



controllabry ablating the epidermis along the con- 
tours of an epidermal/dermal boundary. 

16. A method as claimed in claim 1 3 wherein said con- 
trollably determining step further comprises the 
step of detecting a colour change near or at the ep- 
idermal/dermal boundary. 

1 7. A method as claimed in claim 1 3, further comprising 
the steps of: 

controllably scanning the light source across 
the skin; and 

selectively shuttering the light source at a given 
location on the skin when it has been ablated 
to the desired depth. 

1 8. A method as claimed in claim 1 3, further comprising 
the steps of: 

providing a second light source, illuminating the 
locations on the skin; 

receiving scattered/reflected/fluoresced light 
from the second light source; and 
inhibiting the light source at a given location, in 
response to said receiving step. 

19. A method as claimed in claim 18, wherein said in- 
hibiting step further comprises the step of selective- 
ly shuttering the light source at a given location that 
has been ablated to the desired depth. 

20. A method as claimed in claim 18, wherein the sec- 
ond light source comprises a light source which is 
both relatively highly absorbed by epidermal mela- 
nin and relatively highly remitted by a dermal layer. 

21 . A method as claimed in claim 1 8, further comprising 
the steps of: 

illuminating the skin with a beam from a visible 
laser at a location coincident with the ablating 
light; 

scanning the beam across the locations on the 
skin; 

recording scanned beam positions, in response 
to said scanning step; and 
automatically scanning of an ablating light 
source across the locations on the skin, in re- 
sponse to said recording step. 
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